Compensation is a critical process for the unbiased analysis of flow cytometry data. Numerous compensation strategies exist, including the use of bead-based products. The purpose of this study was to determine whether beads, specifically polystyrene microspheres (PSMS) compare to the use of primary leukocytes for single color based compensation when conducting polychromatic flow cytometry. To do so, we stained individual tubes of both PSMS and leukocytes with panel specific antibodies conjugated to fluorochromes corresponding to fluorescent channels FL1-FL10. We compared the matrix generated by PSMS to that generated using peripheral blood mononuclear cells (PBMC). Ideal for compensation is a sample with both a discrete negative population and a bright positive population. We demonstrate that PSMS display autofluorescence properties similar to PBMC. When comparing PSMS to PBMC for compensation PSMS yielded more evenly distributed and discrete negative and positive populations to use for compensation. We analyzed three donors' PBMC stained with our 10-color T cell subpopulation panel using compensation generated by PSMS vs.PBMC and detected no significant differences in the population distribution. Panel specific antibodies bound to PSMS represent an invaluable valid tool to generate suitable compensation matrices especially when sample material is limited and/or the sample requires analysis of dynamically modulated or rare events. V C 2015
WITH the advent of fluorescein and rhodamine centered two-color flow cytometry, eliminating spectral overlap using compensation has become a necessary requirement for data analysis (1) . Perhaps the most well-known two-color flow cytometry analysis requiring compensation is fluorescein isothiocyanate (FITC) and phycoerythrin (PE) . As the number of fluorochromes used in multicolor flow cytometry increases, so does the need for appropriate compensation (2) (3) (4) (5) . Consequently, a multitude of theories and strategies exist for suitable compensation (6) (7) (8) (9) (10) . Of consensus is that single color compensation controls are required for experimental setup (11, 12) . Single color compensation that hinges upon the use of cells from sample material can be problematic as more often than not sample material may be limited and heterogeneous. Importantly, cells display a wide variance in background fluorescence (13) . Widely accepted is the use of beads coated with antibody capture sites. This allows for a bright binding of even the most dynamically regulated antigens. Beads have a smaller error in their distribution of background fluorescence, allowing for precise spillover computation. However, many commercially available beads introduce false negative background and do not recognize a diverse amount of host isotypes (14) .
Polystyrene microspheres (PSMS) are antibody-capture beads made of polystyrene, a petroleum based plastic made of the monomer styrene. PSMS are 3.0-3.4 lm in size. Recognizing all mouse and rat isotypes, most hamster isotypes and rabbit polyclonal IgG, PSMS can be used for single color compensation in situations where cell samples are limited. Negative, uncoated PSMS provide background fluorescence similar to unstained cells across the different excitation/emission wavelength combinations. Many clinical studies use precious sample material as single color controls for compensation such that their consumption in compensation could limit the analytical power of flow cytometry. We sought to determine whether PSMS can be used as a substitute for cells for compensation of spectral overlap of 10 fluorochromes in flow cytometry analysis. To do so, we compared single color controls from PSMS incubated with antibodies from our 10-color panel to single color controls from primary human leukocytes (peripheral blood mononuclear cells, PBMC) incubated with the same antibodies. We then applied the compensation matrices generated from PSMS and PBMC, respectively to three donors' PBMC.
MATERIALS AND METHODS

Experiment Overview
In this work, we compare PSMS to cells to be used for compensation for immunophenotyping of primary human leukocytes in a clinical study. We designed in our laboratory a T cell subpopulation panel that would allow us to stratify T cell subsets based on cell surface markers to ultimately be used for sorting and RNA extraction. We designed this panel based on the following parameters: antigens of interest, antibody with conjugated fluorochrome availability and the expected brightness/frequency of antigen on the target cell population. As this panel will ultimately be used for patient material, specifically PBMC and tumor-infiltrating lymphocytes, it was important that we develop a system that will limit the use of our sample material.
Flow Sample and Specimen Description T cell subpopulation panel. Cell surface markers were chosen based on their ability to discriminate subsets in the T cell population of humans. , Thermo Scientific, Logan, UT) and centrifuged at 400g for 5 min. Excess buffer was then decanted leaving the PSMS pellet in a residual volume of 100 ll. Tubes were briefly vortexed and then assayed for expression of cell surface marker antibodies.
PBMC preparation and staining. PBMC were isolated from donors' blood using a density gradient medium (Lymphoprep; Greiner Bio-One, NC). After which the cells were washed in PBS (PBS; Sigma-Aldrich, St. Louis, MO) and frozen in medium containing 50% FCS (HyClone TM , Thermo Scientific, Logan, UT), 40% RPMI 1640 (Sigma-Aldrich, St Louis, MO), and 10% DMSO (Sigma-Aldrich) and placed at 2808C in a Nalgene "Mr. Frosty" freezing container (Thermo Scientific, Waltham, MA). Prior to staining, cells were thawed in a 378C water bath, followed by two washes with PBS for 5 min at 400g. Cells were then aliquotted into 1 3 10 6 cells per condition. PBMC were prepared and stained individually (single color tubes) with antibodies from the T cell subpopulation panel as per manufacturer's test recommendations. Upon selection of these gates the rest of the data were then analyzed post-acquisition using the Kaluza software (Beckman Coulter, Brea, CA). The two compensation matrices generated from (1) PSMS and individual T cell subpopulation markers antibodies and (2) PBMC and individual T cell subpopulation markers were applied post acquisition in Kaluza on three donors' PBMC stained with all of the antibodies in the T cell subpopulation panel.
Instrument and Data Analysis Details
Technical Note
Statistical analysis. Percent gated, median and standard deviation were calculated using Kaluza. Statistical analysis was performed with GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla, CA, www.graphpad.com). Differences were tested by Student's t test as appropriate. All reported P values are two-tailed.
RESULTS
PSMS Share Similar Physical Properties to PBMC
To investigate whether the use of PSMS would be capable of replacing cell sample for single color compensation setup, it was necessary to characterize the microspheres. PSMS were prepared and stained with single color conjugates reflecting the markers of interest in the T cell subpopulation panel, specifically: TCRab FITC, TCRcd PE, CD25 ECD, CD4 PERCP, CCR6 PE-Cy7, CD45RO APC, IL-23R AF700, CD3 APC-AF750, CD8 Pacific Blue, and CD45 Krome Orange. Finally, PBMC were prepared and stained with individual markers of the T cell subpopulation panel. Using the same cytometer voltages, compensation was manually determined stepwise moving from FL1-FL10 on a Gallios 3 laser/10 detector flow cytometer for PSMS stained with markers in the T cell subpopulation panel. Compensation was then cleared and manually optimized using PBMC stained with individual markers in the T cell subpopulation panel. In particular, we compared each fluorescent channel pairwise to the nine other channels. Upon analyzing the bivariate plots of the fluorochrome combinations x and y medians were adjusted such that they were on average within 1/2 0.2 standard deviations. PSMS can be located using the same parameters as PBMC. The same photomultiplier tube (PMT) voltages were kept constant; 3-3.4 microns in size PSMS are just smaller than lymphocytes (4-10 microns; (15)). Figure 1A shows the results of ungated acquisition of PSMS and PBMC using the same settings. Aggregated PSMS and dead cells and debris respectively were excluded on the basis of forward and side scatter (Fig. 1A) .
PSMS Yield More Discrete Negative and Positive Populations across All 10 Fluorescent Channels
Figure 1B displays single parameter histograms yielded from analysis of PSMS stained with panel antibodies. The same is shown for PBMC (Fig. 1C) . Based on these single parameter histograms plots percent negative and percent positive populations were selected for each fluorescent channel. The exact regions included to make these calculations along with representative data can be found in Supporting Information Figures 1 and 2 , for PSMS and PBMC, respectively. The percent gated are summarized in Table 1 . On average PSMS possessed more even distribution of percent positive and negative events as coated and uncoated PSMS, respectively, ensured the presence of both populations. Compensating using PBMC was more challenging due to the dynamic range of expression of the antigen on PBMC. This was especially true for staining corresponding to fluorescent channels FL2 (ECD: 620/30 BP), 3 (PE 575/30 BP), and 7 (APC-A700 725/ 20 BP), corresponding to the antibodies TCRcd PE, CD25 ECD, and IL-23R AF700, respectively. Gamma delta T cells represent a very small fraction of the PBMC population; hence identifying a population to use for compensation can be difficult. This is amplified when dealing with hard to obtain specimens for which sample is limited. Markers CD25 (FL3) and IL-23R (FL7) displayed no clear degree of separation between positive and negative cells, but instead have a gradient of expression (Fig. 1C) . These are extremely difficult to compensate as one may not be able to determine whether such a result is due to poor titration/antibody function or if the sample being used to set up compensation is dim/negative for that particular antigen. On the contrary, PSMS stained with the same antibodies consistently yielded discrete positive and negative positive populations with high enough frequency to be readily used for compensation (Fig. 1B, Table 1 ).
Background Autofluorescence of PSMS Are Comparable to PBMC
Next we compared the autofluorescent properties of PSMS when compared to PBMC (Table 2 ). To assess this we calculated the median of the negative population of univariate histogram plots for each of the fluorescent channels. The geometric mean of fluorescence intensity is often used as a representative number for a population of cells. However, median provides a more accurate reflection of the fluorescent intensity of a population as a whole as most flow cytometry data is not normally distributed. Hence we chose the median fluorescence intensity (MedFI) as a way to quantify autofluorescence. For PSMS the autofluorescence of the negative population for PSMS ranged from 0.14 to 2.05. PBMC MedFI ranged from 0.12 to 3.13. Paired two tailed t test indicated that there was no significant difference between the autofluorescence between PSMS and PBMC for FL1-FL10 (Table 2) . With a range equivalent to or lower than PBMC, PSMS do not contribute to the compensation spillover calculation; allowing one to apply the compensation matrix to PBMC.
Lastly before applying our matrices to three donors for analysis, we assessed a parameter referred to as the stain index (SI). SI takes into account the spread of the percent negative histogram peak, unlike simpler calculations like Signal:Noise (S:N) that just look at the fold increase of positive over negative. The formula for SI is the difference between the X median of the positive and negative population peaks on a histogram plot divided by two times the standard deviation of the negative peak. On average, the SI was higher for PSMS compared to PBMC (Table 3 ). The one exception was FL4, corresponding to the dim fluorochrome PerCP (Table 3) .
PSMS Vs. PBMC Yield Two Different Compensation Matrices
As a result of the two compensation series, two separate compensation matrices were generated ( Figs. 2A and 2B ). There were minimal differences in compensation between the two matrices. The highest compensation variability often occurs between 
PSMS Are Able to Effectively Compensate Data from Three Donors Stained with Our 10-Color T Cell Subpopulation Panel
We next analyzed the effect these two different compensation matrices had on a variety of T cell subpopulations. After exhaustive study over the entirety of the T cell subpopulation panel, no obvious differences were found regardless of which compensation matrix was applied to the PBMC stained with the multicolor T cell subpopulation panel. In Figure 3 , the following cell populations were evaluated: TCRab, TCRcd, CD4 T cells, CD8 T cells, and IL-23R1 CD31 cells (Figs. 3A and 3B ). Regardless of which series of compensation tubes were used for single color setup, the PBMC stained with the T cell subpopulation displayed no evidence of significant over-or under-compensation.
To determine the effects of compensating with PSMS versus PBMC we studied three donors in which we compared the data on a global scale looking at the percent negative and positive populations (Fig. 4A) , the MedFI of both of these populations ( Fig. 4B) and SI (Fig. 4C) . For all three parameters (autofluorescence, population distribution, and SI) no major significant differences were detected when using either PSMS or PBMC compensation matrices (Figs. 4A-4C ). The only significant difference detected was the X MedFI of the negative fraction of FL9 (Pacific Blue 450/50 BP), on average the X MedFI of data using the PBMC based compensation was 1.07 lower than data compensated using PSMS. While this difference was observed, it is important to note that this difference did not affect the population distribution of the sample set (Fig.  4A ). There were large differences in the standard deviation of FL6 (APC 660/20 BP) and FL8 (Pacific Blue 450/50 BP) MedFI of the positive cell population. However, this result was independent of the compensation used and reflects donor variability. Perhaps the most striking difference between PSMS and PBMC compensation matrices were between FL7 (APC-A700 725/20 BP) and FL8 (APC-A750 775 LP). This is important to note as FL7 corresponds to IL23R APC-A700 staining. This staining using PBMC did not yield a distinct positive and negative fraction thus making compensation difficult.
PSMS Bind Intracellular Staining Antibodies as Well as Isotypes from Different Species
While we focused on cell surface markers for our T cell subpopulation panel, we also tested the ability of PSMS to bind antibodies designed for intracellular staining as this could serve as another useful tool for PSMS. Intracellular staining requires permeabilization of the cell membrane and often 4 h. of stimulation for detection. We stained PSMS with both human and murine antibodies against the immunomodulatory cytokines, IFN-gamma, IL-2, and IL-10 (Fig. 5A) . The antibodies used consisted of both different host species as well as isotypes (Fig. 5B) . Results demonstrate that PSMS were able to bind all of these antibodies and serve as a compensation option not only for rare samples and dynamically expressed events, but also in lieu of intracellular stained cells (Fig. 5A) .
DISCUSSION
Our findings demonstrate that PSMS closely reflect the background autofluorescence of primary human leukocytes. As seen in Figure 1 , PSMS and PBMC had a similarly defined negative peak. Second, using panel-specific antibodies is appropriate for staining PSMS. PSMS were able to bind a variety of antibodies with different hosts and isotypes (Supporting Information Fig. 3) . No significant differences the compensation percentages required were similar across both matrices. Furthermore, the two compensation matrices resulted in no obvious over-or under-compensation of critical cell populations. Altogether, we conclude that the use of PSMS is a valid tool for single color compensation setup.
The PSMS used to conduct these experiments (VersaComp antibody capture beads, Beckman Coulter, Brea, CA) are just one example of a number of products on the market. Similar products include the ABC Bead kit and ArC TM Amine Reactive Compensation Bead Kit (Invitrogen) and Ultracomp eBeads (eBioscience) and have previously been used for compensation (16, 17) .
PSMS similar to all methods are not without concerns for compensation. No method is without limitations. There are inherent differences within the machine and day to day variability which often leads to a spreading effect even in properly compensated data. Further, there are interactions that can sometimes not be predicted from single color controls. To address these issues, it may be necessary to use fluorescence minus one stained cells in order to identify true populations versus artifacts (14, 18) . PSMS are similar to leukocytes in size. Many bead based platforms and tools for flow cytometry are optimized for leukocytes. When assaying larger Figure 3 . Two different compensation matrices generated similar visuals of the data. PBMC stained with panel specific markers were given the compensation matrix generated by the PSMS stained with panel specific antibodies postacquisition in Kaluza analysis (rows 1 and 3). The same PBMC stained with panel specific markers were given the compensation matrix generated by the single color PBMC stained with panel specific antibodies post-acquisition in Kaluza analysis (rows 2 and 4). All plots are gated on PBMC based on light scatter. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Technical Note cells, such as tumor cells it may be important to use cells initially to define appropriate ranges for PMT voltages and then use these cytometer setting to run the PSMS (14) . PSMS tend to stain as a bright as or brighter than the antigen of interest. This is ideal; however, this will need to be verified. In cases where PSMS are less bright than cells sample it will need to be initially tested whether this has an effect on compensation before routinely using PSMS. Of particular concern in our panel was the low SI observed by PSMS bound to CD4 PERCP in FL4: 670 LP. Fortunately, this difference did not have a significant impact on the percentages of populations within our sample set (Fig. 4A) . To test what could be the source of this difference, we first examined lot to lot variation. Upon using a new vial and lot of CD4 PerCP (Becton Dickinson, Franklin Lakes, NJ) the SI increased from 1.4 to 60.7 (Supporting Information Fig. 4 ). Other options include using a different fluorochrome. We selected PerCP as it was included as a cocktail mixture in an intracellular staining panel (panel not shown); however, PE Cy5.5 is an alternate option, which stains more brightly on PSMS (data not shown).
For our 10-color T cell subpopulation panel, we used only direct flow cytometry in which all antibodies were directly conjugated to a particular fluorochrome. With smaller panels it is possible, with careful selection of species reactivity, order of antibody addition and washes to use indirect flow cytometry staining. Consequently, we decided to test whether PSMS could be used for compensation of samples stained using indirect flow cytometry, in which a primary unconjugated Ab and a secondary fluorochrome conjugated antibody are used. To test this, we stained both PSMS and PBMC with either the secondary conjugated antibody, rat anti-mouse IgG1 PE (RAM IgG1 PE, Becton Dickinson, Franklin Lakes, NJ) or mouse (IgG1) anti-human CD28 primary unconjugated antibody (Becton Dickinson, Franklin Lakes, NJ) followed by RAM IgG1 PE secondary antibody. As we expected PSMS were able to bind the secondary alone. We also observed a sharp clean signal from the use of a primary and secondary with our PSMS. This signal as anticipated was amplified when compared with using secondary alone. The MedFI of the %positive peak and SI of PSMS with secondary only or primary and secondary were 129.31, 136.6, and 249.27, 282.3, respectively. As expected our human T cells stained with secondary alone served as a negative control. When using primary and secondary antibodies T cells stained nicely for CD28. More importantly, PSMS stained with primary and secondary antibodies were as bright as T cells (Supporting Information Fig. 5 ).
With single color controls recorded compensation can often be applied post-acquisition. A feature which is rarely utilized is the use of auto-compensation to generate a compensation matrix from single color controls to be applied to a data set. We decided to test how the compensation matrices would differ when using the Kaluza 1.2 auto-compensation features (Supporting Information Fig. 6 ). We opted for the positivenegative autocompensation gating setting to conduct our analysis. While the final compensation applied to the mixed tubes from both PSMS and PBMC single color controls were easy to generate the process did require some manual adjustments. In particular, it was necessary that we manually adjust the "dim vs. bright" or % negative vs. % positive regions. It is also important to note that while we had difficulty manually compensating the data in FL7: IL23R APC-A700 725/20 BP using PBMC, due to the very small population of IL23R positive cells, autocompensation values of channels FL7 vs. FL8 were closer to the results we saw when using manual compensation and PSMS (Supporting Information Fig. 6 ).
CONCLUSION
Other multiparameter based cytometry platforms, such as mass cytometry (CyTOF; (19-23) ) exist. However, to date flow cytometry remains the gold standard for multiparameter single cell analysis. In the clinical setting flow cytometry plays a critical role in immunophenotyping especially in the context of diagnosis of hematological malignancies, such as leukemia and lymphoma. PSMS provide a resource for compensation when it is unfeasible to run single color controls of cell sample. PSMS are a useful tool for rare or dynamically expressed events. Further PSMS can be used to set up compensation for intracellular staining platforms. Bead-based platforms for compensation have been in existence since the late 1990s (18) . Perhaps more widespread recognition of such tools will aid in proper compensation in multicolor flow analysis.
